Introduction {#sec1}
============

Production of ultralow-sulfur or sulfur-free diesel fuel has become a major task of refineries all over the world.^[@ref1]^ As such, deep desulfurization and ultradeep desulfurization have become growing research areas and have attracted increasing attention. Hydrodesulfurization, a catalytic chemical process requiring the use of hydrogen to remove sulfur-containing compounds (S-compounds) from petroleum products, has the drawback of low efficiency in removing refractory S-compounds such as benzothiophene (BT), dibenzothiophene (DBT), and their alkyl derivatives. Alternative desulfurization processes, namely, oxidative desulfurization (ODS), extractive desulfurization (EDS), and bio-desulfurization, have recently been developed for deep desulfurization.^[@ref2],[@ref3]^ One environmental or "green" approach to remove refractory S-compounds that is quickly gaining in popularity is the use of ionic liquids (ILs) for EDS.^[@ref4]^ ILs are low-melting-point salts, typically with melting points below 100 °C. The cations of most ILs are organic-based moieties such as imidazolium, *n*-alkyl-pyridinium, tetraalkylammonium, and tetraalkylphosphonium ions, whereas their anionic counterparts can be organic or inorganic entities, such as halides, nitrate, acetate, hexafluorophosphate (\[PF~6~\]), and tetrafluoroborate (\[BF~4~\]).^[@ref5]^ Useful properties of ILs include low volatility, good thermal stability, controllable physicochemical properties, and long-term stability. Due to their unique properties, ILs have attracted great attention and have been increasing in use as green solvents for bioseparation, fuel desulfurization, and chemical synthesis.^[@ref6],[@ref7]^

At the last count, more than a thousand ILs have been synthesized through various combinations of cations and anions, among which imidazolium or pyridinium-based ILs are mainly employed for desulfurization of fuels by EDS and oxidative-extractive desulfurization (OEDS). Utilizing 1-octyl-3-methylimidazolium tetrafluoroborate (\[Omim\]\[BF~4~\]) as an extractant, Alonso et al. achieved 87 wt % DBT and 79 wt % thiophene removals from a model fuel containing different hydrocarbons.^[@ref8]^ Chen et al. applied a Lewis acid IL, namely, 1-butyl-3-methylimidazolium chloride/ZnCl~2~ (\[Bmim\]\[Cl\]/ZnCl~2~), during their experiments to extract DBT and thiophene from mixtures of hexane and octane. About 95.9% DBT removal and 93.8% thiophene removal were achieved at room temperature with a 1:1 (w/w) ratio of IL to oil in 30 min.^[@ref9]^ Zhu et al. prepared a temperature-responsive magnetic ionic liquid *N*-butyl-pyridinium tetrachloroferrate (\[BPy\]\[FeCl~4~\]) for desulfurization of DBT and BT from a model oil. They reported that 95.3% DBT removal and 75.0% BT removal were obtained in 10 min.^[@ref10]^ Wang et al. utilized six *n*-alkylpyridinium-based ILs for desulfurization of gasoline. Their results indicated that \[BPy\]\[BF~4~\] has the highest sulfur removal efficiency under ambient conditions.^[@ref11]^

The critical factors affecting the desulfurization efficiency of ILs are their size and structure. In experiments performed by Holbrey and co-workers, DBT was removed from dodecane via extraction through the application of ILs with different types of cations and anions.^[@ref12]^ By exposing DBT's partition ratio with ILs, the tests highlighted obvious differences within the cation types, adhering to the following order: dimethylpyridinium \> methylpyridinium \> pyridinium ≈ imidazolium ≈ pyrrolidinium. In related research inquiries, Gao et al. observed the following sequence efficiencies, i.e., \[OPy\]\[BF~4~\] \> \[HPy\]\[BF~4~\] \> \[BPy\]\[BF~4~\], for the removal of aromatic heterocyclic S-compounds from diesel with pyridinium ILs.^[@ref13]^ Similar observations were made by Wlazło and co-workers, who studied the extraction of thiophene and benzothiophene by 1-alkyl-cyanopyridinium bis{(trifluoromethyl)sufonyl}imide ILs.^[@ref14]^ They discovered that the solubility of aromatic S-compounds in ILs increases as the alkyl chain length of cations increases. This is because the induced polarity of the ring's π-electron cloud increases as the alky chain length becomes longer, leading to a stronger π--π interaction between aromatic S-compounds and the imidazolium or pyridinium ring of ILs.

A big challenge for EDS using ILs is the coextraction of aromatic hydrocarbons. To counteract this inefficiency, oxidants are used together with ILs to increase the extraction selectivity of S-compounds. The use of ILs for catalysis was explored by Zhang et al. and Pârvulescu and Hardacre,^[@ref15],[@ref16]^ while Li et al. discussed the benefits of using ILs for green catalytic approaches.^[@ref17]^ Several other studies also looked at possible improvements to desulfurization methods.^[@ref18]−[@ref20]^ These studies showed that the amount of aromatic S-compounds removed by OEDS increased by approximately 1 order of magnitude compared with EDS. This is because ILs not only serve as extractants of S-compounds but also provide suitable oxidation conditions for S-compounds to transform into sulfones and sulfur oxides. One of the most widely used oxidants for OEDS is hydrogen peroxide (H~2~O~2~) owing to its high oxygen content as well as, more recently, its green appeal. However, tests showed that excess H~2~O~2~ would be needed likely due to one of two reasons: (1) excess H~2~O~2~ prompts an equilibrium reaction, resulting in improved process efficiency, or (2) some catalysts incite decomposition of H~2~O~2~, leading to low utilization for oxidants.^[@ref20],[@ref21]^ In this regard, optimizing the operating conditions of the OEDS process to reduce the consumption of H~2~O~2~ is necessary.

Generally, employing ionic liquid for oxidative desulfurization can be beneficial on several different fronts, and the most important ones are optimal energy efficiency and ultralow sulfur levels in the end product. Another key advantage is the simplification of the overall process, which is accomplished by combining oxidation and extraction into a single stage. Despite many positive benefits of OEDS, some issues are still endemic to the procedure, and there is a lack of ionic liquid studies where most ILs have problems that make them impractical for mass implementation. The three main issues include high viscosity of ionic liquid, particularly amphiphilic (surfactant-inspired) ILs that are used to enable phase-transfer catalysis, high costs due to expensive anions and cations, and low efficiency in sulfur removal from real liquid fuels. These issues could potentially be resolved with further research and testing.^[@ref22],[@ref23]^

In this work, a pyridinium-based IL *N*-butyl-pyridinium tetrafluoroborate (\[BPy\]\[BF~4~\]) was synthesized to investigate the oxidative desulfurization of DBT, an aromatic S-component comprising about 80% of total sulfur contents in diesel fuels. The focus of this investigation is to examine ways to optimize EDS and OEDS of DBT from a model fuel with *N-*butyl-pyridinium tetrafluoroborate (\[BPy\]\[BF~4~\]). To accomplish our research objective, a facile two-step synthetic process was employed to prepare \[BPy\]\[BF~4~\] followed by examining its structure by nuclear magnetic resonance (NMR) and Fourier transform infrared (FT-IR) spectroscopies. By studying the influences of different operating parameters, such as extraction time and temperature, the volume ratio of IL to model fuel, and dosage of the oxidant, the optimal extraction conditions were found. In order to reduce the operating cost, recovery of the IL from fuel desulfurization was also investigated. To better understand the extraction ability of the S-compound from the model fuel and to complement the experimental results, we investigated the interactions between DBT/DBTO~2~ with (\[BPy\]\[BF~4~\] by density functional theory (DFT) calculations using the B3LYP/6-311++G(d,2p) level of theory. We believe that research outcomes of the current study will help to gain a better understanding of the role and key factors influencing the performance of ILs in desulfurization under moderate and environmentally friendly extraction conditions.

Results and Discussion {#sec2}
======================

^1^H-NMR and ^13^C-NMR Characterization of \[BPy\]\[BF~4~\] {#sec2.1}
-----------------------------------------------------------

The synthesized ionic liquid \[BPy\]\[BF~4~\] was analyzed by ^1^H-NMR and ^13^C-NMR, and the spectra are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The δ values of ^1^H-NMR and ^13^C-NMR of \[BPy\]\[BF4\] in this work are consistent with those reported.^[@ref24],[@ref25]1^H NMR (300 MHz, DMSO-*d*~6~): δ = 9.13 (2H, d, *J* = 6.0 Hz, Py--*H*~(2,6)~), 8.58 (1H, td, *J* = 7.9, 3.2 Hz, Py--*H*~4~), 8.13 (2H, t, *J* = 6.5 Hz, Py--*H*~(3,5)~), 4.63 (2H, td, *J* = 7.5, 2.0 Hz, Py--C*H*~2~), 1.86 (2H, q, *J* = 7.4, Hz, Py--CH~2~--C*H*~2~), 1.24 (2H, m, *J* = 7.3, 2.0 Hz, CH~3~--C*H*~2~), and 0.84 (3H, td, −*CH*~3~) ppm. ^13^C NMR (75 MHz, DMSO-*d*~6~): δ = 206.81, 149.06, 145.58, 144.24, 128.16, 60.64, 32.78, 30.67, 18.80, and 13.30 ppm.

![(a) ^1^H-NMR (300 MHz, DMSO-*d*~6~) and (b) ^13^C-NMR (75 MHz, DMSO-*d*~6~) spectra of \[BPy\]\[BF~4~\].](ao0c00096_0009){#fig1}

Effect of Extraction Time {#sec2.2}
-------------------------

The effect of extraction time on the DBT removal rate was studied for ODS, EDS, and OEDS processes with an initial DBT concentration of 1000 ppm and IL to model fuel ratio of 1:1 to characterize the role of ionic liquid. As seen from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, approximately 10.0% DBT was converted by H~2~O~2~ (4.0 vol %) in the absence of \[BPy\]\[BF~4~\] and/or extracting agent in the ODS experiment. The DBT removal rate by pure ionic liquid in the EDS process increases very fast with time within the first 45 min, while desulfurization efficiency increases slowly after 45 min and is nearly stable after 60 min, leading to a final DBT removal efficiency of 75.5%. Compared with ODS and EDS, the DBT removal rate by OEDS (addition of 0.1 vol % H~2~O~2~) is even faster under the same operating conditions, and the phase equilibrium can be reached after 60 min with an enhanced desulfurization efficiency of 79.5%.

![Desulfurization efficiency of ODS, EDS, and OEDS at different times (\[DBT\]~ini~ = 1000 ppm, v(IL):v(oil) = 1:1, and *T* = 30 °C).](ao0c00096_0008){#fig2}

Results from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} clearly show that \[BPy\]\[BF~4~\] acts as the extractant in both EDS and OEDS operations. In the OEDS process, extraction of DBT was accompanied by oxidation of DBT to its corresponding sulfoxide (DBTO) and sulfone (DBTO~2~) due to the addition of the H~2~O~2~ oxidant. High polarity of the products (DBTO and DBTO~2~) made them stay in the IL phase. As the concentration of DBT decreased in the IL phase, the extraction equilibrium was broken, and DBT was continuously extracted from oil phase to IL phase until reaction equilibrium was reached. However, complete conversion of DBT was not achieved due to the absence of acid catalysts. This experimental observation is consistent with previous research reports.^[@ref22],[@ref25]^

Effect of Extraction Temperature {#sec2.3}
--------------------------------

The reaction temperature plays a vital role in the OEDS process. The effect of temperature on DBT removal for the model fuel with different amounts of DBT was examined by varying the temperature from 20 to 40 °C, and the results are illustrated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Despite the different volume ratios of IL to model fuel used, higher desulfurization efficiency was observed at an elevated temperature. This is because the temperature has a direct effect on the kinetic rate constant, thereby increasing the rate of reaction and hence the removal rate of DBT. Not surprisingly, the desulfurization efficiency decreases when the volume ratio of IL to model fuel decreases as more amount of DBT makes the ionic liquid almost saturated. The highest DBT removal efficiencies obtained at 40 °C are 76.0, 71.5, and 68.9% when volume ratios of IL to model fuel are 1:1, 1:2, and 1:3, respectively.

![Oxidation extraction desulfurization efficiency at different temperatures (\[DBT\]~ini~ = 1000 ppm, v(H~2~O~2~):v(oil) = 0.1%, and *t* = 40 min).](ao0c00096_0007){#fig3}

Effect of the Volume Ratio of IL to Model Fuel {#sec2.4}
----------------------------------------------

The desulfurization efficiencies of EDS and OEDS for different volume ratios of IL to model fuel are depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. For both operations, the desulfurization efficiency decreases when a lower volume ratio of IL to model fuel is used. The efficiency decreases from 89.5 to 75.4% for OEDS and 69.8 to 63.7% for EDS when the IL to model fuel ratio varies from 1:1 to 1:3, with all the other operating conditions being the same. In real applications, a proper volume ratio of IL to model fuel needs to be selected to balance the desulfurization efficiency and the treatment capacity.

![Desulfurization efficiency of EDS and OEDS at different volume ratios of IL to model fuel (\[DBT\]~ini~ = 1000 ppm, v(H~2~O~2~):v(oil) = 4.0%, *T* = 30 °C, and *t* = 40 min).](ao0c00096_0006){#fig4}

Effect of the H~2~O~2~ Dosage {#sec2.5}
-----------------------------

The influence of H~2~O~2~ dosage on desulfurization efficiency is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. It is obvious that the desulfurization efficiency increases with increasing amount of H~2~O~2~ added to the system. However, the influence of H~2~O~2~ dosage (characterized by the volume ratio of H~2~O~2~ to model fuel) is slightly different when different volume ratios of IL to model fuel are applied. At a high volume ratio (1:1) of IL to model fuel, only 0.1 vol % H~2~O~2~ present in the system led to a 7.16% increase in desulfurization efficiency from 69.82 (without using H~2~O~2~) to 77.0%, and a further increase of 4.3% in desulfurization efficiency was obtained, with 1.0 vol % H~2~O~2~ being used. In the case of a low volume ratio (1:4) of IL to model fuel, desulfurization efficiency increased slightly from 57.0 (without using H~2~O~2~) to 59.4% after adding 0.1 vol % H~2~O~2~. However, a remarkable increase of 9.5% in desulfurization efficiency was obtained, with 1.0 vol % H~2~O~2~ being used. The maximum desulfurization efficiency for different volume ratios of IL to model fuel was achieved when an extra amount of H~2~O~2~ (4.0 vol %) is used.

![Desulfurization efficiency of EDS and OEDS at different volume ratios of H~2~O~2~ to model fuel (\[DBT\]~ini~ = 1000 ppm, *T* = 30 °C, and *t* = 40 min).](ao0c00096_0005){#fig5}

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} compares the desulfurization performance of \[BPy\]\[BF~4~\] in the present work with those of other pyridinium-based ionic liquids reported previously.^[@ref10],[@ref15],[@ref24],[@ref26],[@ref27]^ Ionic liquid \[CH~2~COOHPy)\[HSO~4~\] is capable of completely removing DBT from model fuel due to the presence of the carboxyl group in its alkyl chain. This ionic liquid works as both catalyst and extractant in the OEDS process. Other pyridinium-based ionic liquids mainly serve as extractants; thus, they are not able to remove DBT completely. Desulfurization performance of \[BPy\]\[BF~4~\] in this work is competitive with those listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### DBT Removal Efficiency by the OEDS Process Using Pyridinium-Based Ionic Liquids

  ionic liquid                 \[DBT\]~ini~  temp. and time    *n*(H~2~O~2~)/*n*(DBT)  DBT removal   ref
  --------------------------- -------------- ---------------- ------------------------ ------------- ------------
  \[BPy\]\[FeCl~4~\]             500 ppm     40 °C, 10 min              8:1            95.3%         ([@ref10])
  \[CH~2~COOHPy\]\[HSO~4~\]      1000 ppm    30 °C, 60 min              6:1            99.9%         ([@ref15])
  \[BPy\]\[BF~4~\]               1000 ppm    30 °C, 30 min             720:1           74.0%         ([@ref24])
  \[BPy\]\[BF~4~\]               1000 ppm    40 °C, 60 min          not reported       82.1%         ([@ref26])
  \[BPy\]\[SCN\]                 1000 ppm    40 °C, 60 min          not reported       84.5%         ([@ref26])
  \[BPy\]\[H~2~PO~4~\]           1000 ppm    40 °C, 60 min          not reported       88.3%         ([@ref26])
  \[C~4~^3^Py\]\[FeCl~4~\]       1000 ppm    25 °C, 20 min              6:1            85.6%         ([@ref27])
  \[BPy\]\[BF~4~\]               1000 ppm    30 °C, 40 min              18:1           81.2%         this work
  \[BPy\]\[BF~4~\]               1000 ppm    30 °C, 40 min              72:1           89.5%         this work

Regeneration of the Ionic Liquid {#sec2.6}
--------------------------------

The regeneration and subsequent recycling of ILs are greatly important in industrial applications. In this work, the S-loaded ionic liquid was regenerated by distillation first to remove water and H~2~O~2~ followed by re-extraction using CCl~4~. The regenerated IL was analyzed by NMR spectroscopy (Supporting Information, [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00096/suppl_file/ao0c00096_si_001.pdf)), which indicated that there was no change in the structure of the regenerated \[BPy\]\[BF~4~\].

The regenerated IL was reused for OEDS of DBT under the optimized conditions for eight consecutive cycles, and the results of DBT removal efficiency are demonstrated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Although the extraction efficiency of regenerated IL slightly declines after each cycle, the DBT removal efficiency is still quite high after the 8th cycle. A similar observation was reported by Zhao et al. using the same ionic liquid.^[@ref24]^ Nevertheless, due to the high energy cost of distillation, this method is only suitable on the laboratory scale. Alternative low-energy-cost regeneration techniques need to be investigated for large-scale applications.

![OEDS of DBT by regenerated \[BPy\]\[BF~4~\] (\[DBT\]~ini~ = 1000 ppm, v(IL):v(oil) = 1:1, v(H~2~O~2~):v(oil) = 4.0%, and *T* = 30 °C).](ao0c00096_0004){#fig6}

Desulfurization of DBT from Diesel Fuel with \[BPy\]\[BF~4~\] {#sec2.7}
-------------------------------------------------------------

In the present study, real diesel fuel containing 1000 ppm DBT was treated with \[BPy\]\[BF~4~\] to test its extraction ability from real hydrocarbon feedstock. The oxidative-extraction of DBT from diesel were conducted at 40 ° C with a fixed volume ratio (1:1) of IL to diesel fuel and H~2~O~2~ dosage (4.0 vol %). It can be seen from [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} that the DBT removal rate from diesel is lower than that from the model oil by \[BPy\]\[BF~4~\]. The reduced DBT removal rate by \[BPy\]\[BF~4~\] from diesel is mainly due to the existence of aromatic hydrocarbons in diesel. GC--MS analysis of diesel fuel indicates that paraffin constituents range from C~8~H~18~ to C~20~H~42~, and there are about 20 mol % aromatic hydrocarbons in diesel. Compared with hexane (model fuel), aromatic hydrocarbons have strong interactions with IL, and hence, they are partially miscible in IL, which reduces the selectivity of \[BPy\]\[BF~4~\] to DBT.

![Desulfurization efficiency of DBT in diesel fuel (\[DBT\]~ini~ = 1000 ppm, v(IL):v(oil) = 1:1, v(H~2~O~2~):v(oil) = 4.0%, and *T* = 40 °C).](ao0c00096_0003){#fig7}

DFT Study {#sec2.8}
---------

The energetically most stable optimized structures of the \[BPy\]\[BF~4~\], DBT, DBTO~2~, and their corresponding complexes (\[BPy\]\[BF~4~\])⊃DBT and (\[BPy\]\[BF~4~\])⊃DBTO~2~ are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. The calculated interaction energies are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

![Geometry optimized structures of (a) \[BPy\]\[BF~4~\], (b) dibenzothiophene (DBT), dibenzothiophene sulfone (DBTO~2~), (c,e) (\[BPy\]\[BF~4~\])⊃DBT, and (d,f) (\[BPy\]\[BF~4~\])⊃DBTO~2~ in hexane. Color code: carbon = gray; hydrogen = white; nitrogen = blue; oxygen = red; sulfur = yellow, boron = magenta; fluorine = green.](ao0c00096_0002){#fig8}

###### Calculated Interaction Energies (ΔIE kJ/mol) for the Ionic Liquid \[BPy\]\[BF~4~\] with DBT and DBTO~2~ Sulfur-Containing Compounds in Model Fuel (Hexane) and CCl~4~ Solvent Systems

                                                                ΔIE, kJ/mol              
  ------------------------------------------------------------- ------------- ---------- ----------
  \[BPy\]⊃\[BF~4~\]                                             --336.97      --175.78   --148.43
  (\[BPy\]\[BF~4~\])⊃DBT *face to face parallel sandwich*       --28.98       --16.48    --14.37
  (\[BPy\]\[BF~4~\])⊃DBTO~2~*face to face parallel-displaced*   --50.26       --31.16    --29.07
  (\[BPy\]\[BF~4~\])⊃DBT *edge-tilted-T-shaped*                 --27.66       --16.15    --14.69
  (\[BPy\]\[BF~4~\])⊃DBTO~2~*edge-tilted-T-shaped*              --51.63       --32.67    --28.91

As illustrated in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, the ionic liquid \[BPy\]\[BF~4~\] contains a pyridine ring, which has π--π interactions with both DBT and DBTO~2~. Non-covalent weak interactions such as π--π interactions, electrostatic interactions, weak hydrogen bonding, and hydrophobic lipophilic interactions play important roles in supramolecular chemistry.^[@ref28],[@ref29]^ Non-covalent interactions could be the best possible mechanisms for the extraction of the sulfur-containing compounds from the model fuel by the pyridinium-based IL. Aromatic--aromatic interactions (π--π stacking) are generally defined as the attractive noncovalent interactions that occur between the-electronic clouds of aromatic systems in *parallel*, *face-to-face*, or *edge-to-face* orientation interactions.^[@ref30]−[@ref33]^ Hohenstein and Sherrill investigated the effects of heterocyclic aromatic atoms in various configurations of a pyrimidine--benzene complex for their π--π stacking interactions.^[@ref33]^ They reported that the presence of an electronegative nitrogen heteroatom into an aromatic ring has large effects on similar *stacked*, *parallel-displaced*, and *T-shaped* dimers. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the most stable optimized structures of the (\[BPy\]\[BF~4~\])⊃DBT/DBTO~2~ complexes. There are two types of possible π--π interactions found between \[BPy\]\[BF~4~\] and DBT, resulting in the formation of complexes with *face-to-face parallel-sandwich* ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c) and *edge-tilted-T-shaped* ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}e) geometries. On the other hand, the π--π interactions between \[BPy\]\[BF~4~\] and DBTO~2~ lead to *face-to-face parallel-displaced* ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d) and *edge-tilted-T-shaped* ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}f) structures.

The nitrogen atom of the pyridine ring in the ionic liquid draws electrons away from the ring carbon atoms inductively, thereby increasing the positive charges of the pyridinium hydrogen atoms, thus making the pyridine moiety more effective as a "π-hydrogen bond" donor. In the *face-to-face parallel-sandwich* type interaction (\[BPy\]\[BF~4~\])⊃DBT as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c, the pyridinium hydrogens form three hydrogen bonds (C2--H7···F26, C2--H7···F27, and C11--H13···F29), and their bond distances are 2.010, 2.616, and 2.218 Å, respectively. One of the other pyridinium C--H···π-interactions with DBT, particularly PyC1--H6···**^.^**C44 (DBT) has a distance of 4.353 Å and is almost parallel to the DBT plane, making it possible to form the "sandwich" type arrangement. Meanwhile, the anion BF~4~^--^ and DBT form weak hydrogen bonding, the bond distances of DBT--C34--H39···F27 and DBT--C44--H49···F27 are 2.484 and 2.376 Å, respectively.

In the *edge-tilted-T-shaped* structure shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}e, the pyridinium hydrogens form three hydrogen bonds (C2--H7···F26, C2--H7···F27, and C11--H13···F27), with bond distances of 2.019, 2.519, and 2.187 Å, respectively. One of the other pyridinium C--H···π interactions with DBT, particularly PyC1--H6, which is almost perpendicular to the DBT plane, makes it possible to form the "T-shaped" type arrangement. The PyC1--H6···**^.^**C33--DBT and PyC1--H6···C34--DBT bond distances are 2.927 and 3.080 Å, respectively. The BF~4~^--^ anion and DBT form weak hydrogen bonding, and bond distances of DBT--C34--H39···F28 and DBT--C44--H49···F28 are 2.523 and 2.430 Å, respectively. The position of the BF~4~^--^ anion is above the side of the pyridinium and DBT plane in the (\[BPy\]\[BF~4~\])⊃DBT complex, which therefore creates less steric inhibition between the pyridinium and DBT for both *sandwich* and *T-shaped* type arrangements. The interaction energies of (\[Bpy\]\[BF~4~\])⊃DBT for *sandwich* and *T-shaped* geometries are −28.99 and −27.66 kJ·mol^--1^ in the gas-phase calculations, −16.48 and −16.15 kJ·mol^--1^ in the hexane solvent system, and −14.37 and −14.69 kJ·mol^--1^ in the CCl~4~ solvent system, respectively.

The π--π interactions between \[BPy\]\[BF~4~\] and DBTO~2~, namely, *face-to-face parallel-displaced* and *edge-tilted-T-shaped*, can be seen in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d,f, respectively. In the *face-to-face parallel-displaced* interaction for (\[BPy\]\[BF~4~\])⊃DBTO~2~ ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d), the pyridinium hydrogens form four hydrogen bonds (C2--H7···F26, C2--H7···F27, C11--H13···F29, and C3--H8···O52), and the bond distances are 2.007, 2.619, 2.467, and 2.514 Å, respectively. For one of the other pyridinium C--H···π interactions with DBTO~2~, i.e., PyC3--H8···C40 (DBTO~2~), the bond distance is 3.829 Å, which is almost parallel to the DBTO~2~ plane, making it possible to form the *face-to-face parallel-displaced*-type arrangement. The anion \[BF~4~\] and DBTO~2~ form weak hydrogen bonding, with the distances of DBTO~2~--C34--H39···F27 and DBTO~2~--C44--H49···F27 being 2.847 and 2.663 Å, respectively.

In the *edge-tilted-T-shaped* interaction for (\[BPy\]\[BF~4~\])⊃DBTO~2~ ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}f), pyridinium hydrogens form four hydrogen bonds (C2--H7···F26, C2--H7···F27, C11--H13···F27, and C3--H8···O52), and the distances are 2.062, 2.630, 2.216, and 2.300 Å, respectively. The other pyridinium C--H···π interactions with DBTO~2~, particularly C1--H6···C33 and C1--H6···C40 interactions, which are almost perpendicular to the DBTO~2~ plane, make it possible to form the *T-shaped* arrangement. The PyC1--H6···C33--DBTO~2~ and PyC1--H6···C40--DBT bond distances are 3.606 and 3.482 Å, respectively. The anion BF~4~^--^ and DBTO~2~ show weak hydrogen bonding, distances of 2.465 and 2.349 Å, respectively, for DBT--C44--H39···F28 and DBTO~2~--C35--H49···F28. The position of the BF~4~^--^ anion is above one side of the pyridinium and DBTO~2~ plane in the (\[BPy\]\[BF~4~\])⊃DBTO~2~, which thus creates less steric inhibition between the pyridinium and DBTO~2~ for both the *parallel-displaced* and *T-shaped* geometry structures. The interaction energies of (\[BPy\]\[BF~4~\])⊃DBTO~2~ for *sandwich* and *T-shaped* geometries are −50.26 and −51.63 kJ·mol^--1^ in the gas-phase calculations, −31.16 and −32.767 kJ·mol^--1^ in the hexane solvent system, −29.07 and −28.91 kJ·mol^--1^ in the CCl~4~ solvent system, respectively. The hydrogen bonding between the oxygen atom (S=O) of the DBTO~2~ with the pyridinium hydrogen (C1--H6···O52, 2.300 Å) and higher polarity of the DBTO~2~ could be the possible reasons for the higher interaction energies of (\[BPy\]\[BF~4~\])⊃DBTO~2~ versus those of (\[BPy\]\[BF~4~\])⊃DBT. The dipole moments of DBTO~2~ and DBT are 6.699 and 0.869 D, respectively, in the hexane solvent system. Due to the higher polarity of the DBTO~2~, it is more likely to be solubilized in the ionic-liquid phase rather than the model-fuel phase based upon these calculations. The interaction energies of the \[BPy\]\[BF~4~\] complexes with DBT and DBTO~2~ decrease in the hexane and CCl~4~ solvent systems compared with those of gas-phase calculations. To get a better insight of the solvation effect for regeneration of the ionic liquid from the ionic-liquid-mediated desulfurization process, further experimental and computational studies with different solvent systems are underway.

Conclusions {#sec3}
===========

A pyridinium-based ionic liquid \[BPy\]\[BF~4~\] was synthesized by a two-step method and was characterized by ^1^H-NMR, ^13^C-NMR, and FT-IR spectroscopy. The NMR and IR spectra confirmed the molecular structure and configuration of \[BPy\]\[BF~4~\]. The prepared ionic liquid was then used as an extractant to remove dibenzothiophene (DBT) from a model fuel under different experimental conditions. \[BPy\]\[BF~4~\] was found to be effective in the extraction of DBT from the model fuel as both EDS and OEDS were complete within 1 h. The results indicate that H~2~O~2~ dosage and volume ratio of IL to model fuel have a significant impact and interplay on desulfurization efficiency. Desulfurization efficiency increased remarkably with increasing amount of H~2~O~2~ when a high volume ratio (1:1) of IL to model fuel is used. Nonetheless, a gradual increase of DBT removal efficiency is observed with increasing dosage of H~2~O~2~ when a low volume ratio of IL to model fuel is applied. In addition, our experimental results confirmed that \[BPy\]\[BF~4~\] can be regenerated and reused without a significant decline in desulfurization efficiency. The DFT calculation analysis shows that the interaction energies for (\[BPy\]\[BF~4~\])⊃DBTO~2~ (−51.63, −32.67, and −28.91 kJ·mol^--1^) are almost 2 times higher than those for (\[BPy\]\[BF~4~\])⊃DBT (−27.66, −16.15, and −14.69 kJ·mol^--1^) in the gas phase, hexane, and CCl~4~ solvent systems, respectively. These results strongly suggest that the π--π interaction and hydrogen bonds (F···H and O···H) play important roles for the interaction of the ionic liquid \[BPy\]\[BF~4~\] with DBT/DBTO~2~. The DFT-calculated interaction energies between \[BPy\]\[BF~4~\] and DBT/DBTO~2~ strongly support our experimental results. The DFT calculation results imply that the oxidative desulfurization is necessary to increase the removal efficiency of DBT from fuels.

Experimental and Calculation Methods {#sec4}
====================================

Synthesis of *N*-Butyl-pyridinium Tetrafluoroborate Ionic Liquid (\[BPy\]\[BF~4~\]) {#sec4.1}
-----------------------------------------------------------------------------------

The ionic liquid (\[BPy\]\[BF~4~\]) was synthesized according to the reported procedures.^[@ref24],[@ref25]^*N*-Butyl-pyridinium bromide was first synthesized by the following procedure: A solution of pyridine (40.2 mL, 0.50 mol) and 1-bromobutane (53.9 mL, 0.50 mol) was added into a solution of cyclohexane (50 mL) in a 250 mL round-bottom flask connected to a water-cooled reflux condenser fitted with an anhydrous calcium chloride drying tube. The reaction mixture was stirred by a magnetic stirrer at 64 °C for 24 h until no more precipitate formed. The white precipitate was filtered off, and then unreacted pyridine was removed from the resulting solid by washing with ethyl acetate (3 × 50 mL). The resulting solid was evaporated in a vacuum drying oven to remove the remaining ethyl acetate to yield *N*-butyl-pyridinium bromide (73.1 g, 67.7%) as a colorless solid.

In the second step, the freshly synthesized *N*-butyl-pyridine bromide (64.8 g, 0.30 mol) was mixed with potassium tetrafluoroborate (44 g, 0.30 mol). The solid mixture was dissolved in 300 mL of acetone in a 500 mL conical flask, and the reaction mixture was stirred by a magnetic stirrer at room temperature for 24 h. The solution was then placed into a refrigerator for 24 h until potassium bromide (KBr) precipitated from the solution. Then the resulting precipitate was filtered off, and the solvent was removed by rotary evaporation to yield *N*-butyl-pyridinium tetrafluoroborate \[BPy\]\[BF~4~\] ionic liquid (12.4 g) as a yellowish liquid. The ionic liquid was stored in a fridge for further use.

Extractive and Oxidative-Extractive Desulfurization Experiments {#sec4.2}
---------------------------------------------------------------

The model fuel was employed as a surrogate for real fuel with an initial DBT concentration of 1000 ppm by dissolving 0.50 g of DBT in 500 mL of *n*-hexane. EDS experiments were conducted in 50 mL glass conical flasks. The volume ratios of the ionic liquid to model fuel were 1:1, 1:2, 1:3, and 1:4. Different amounts of ionic liquid were added to the model fuel, and the mixtures were magnetically stirred vigorously at 30 °C with various extraction times. The two layers were separated after completion of the reaction and settling of the reaction mixture. The S-content of the upper phase (model fuel phase) was analyzed by UV--vis spectroscopy at λ~max~ 284 nm. The desulfurization efficiency is presented in terms of the S-removal based on the initial and final S-contents in the model fuel via the following equation:

The ODS test was performed by mixing 10 mL of model fuel and 4.0 vol % hydrogen peroxide (H~2~O~2~, 30 wt %) at 30 °C under constant stirring. A solution of the model fuel (10.0 mL) was mixed with the ionic liquid and H~2~O~2~ for OEDS experiments. The resulting mixtures with different volume ratios among ionic liquid, model fuel, and oxidant agent were stirred under various temperatures (20, 30, and 40 °C) and extraction time periods. The aqueous phase was separated from the oil phase using a separatory funnel. Samples were collected from both phases for analysis to define the oxidation extraction desulfurization efficiency.

Recycling of Ionic Liquid {#sec4.3}
-------------------------

Regeneration of the S-loaded ionic liquid was conducted by distillation in an oil bath at 110 ° C to remove H~2~O~2~ followed by re-extraction using tetrachloromethane (CCl~4~) at 30 °C for 30 min by using an incubator shaker (New Brunswick Scientific, Innova 43), with a volume ratio of ionic liquid to tetrachloromethane being 1:1. The mixture was left to stand for 10 min for the phases to separate. The lower layer is a mixture of CCl~4~ and dibenzothiophene, and the upper layer is the regenerated ionic liquid. The regenerated ionic liquid was analyzed by ^1^H-NMR, ^13^C-NMR, and FT-IR spectroscopy for its purity.

Analytical Methods {#sec4.4}
------------------

The synthesized ionic liquid product (\[BPy\]\[BF~4~\]) was characterized by NMR and IR analyses. The ^1^H-NMR and ^13^C-NMR NMR spectra of \[BPy\]\[BF~4~\] were recorded on a Bruker Avance 300 MHz spectrometer. Dimethyl sulfoxide (DMSO) was used as the solvent.

Oil-phase samples from EDS and OEDS processes were analyzed by an Agilent Cary 6000i UV--vis--IR spectrophotometer at a wavelength of λ~max~ 284 nm to determine DBT concentration. Standard solutions with DBT concentrations of 50, 30, 20, 15, 10, 7, and 5 ppm in *n*-hexane were used to get the calibration curve.

An Agilent HPLC 1260 Infinity II was used for the quantitative assay of DBT in the oil phase from the ODS test. The system was equipped with a quaternary pump, an autosampler, a Zorbax XDB-C18 column (4.6 × 250 mm, 5 μm), and a diode array UV detector. The mobile phase was 90% methanol in 10% water (v/v, %) with a flow rate of 1.0 mL/mm. The wavelength of UV was set at 284 nm. For the quantification of DBT, the external standards with DBT contents of 500, 400, 300, 200, and 100 ppm were used to get the calibration curve.

DFT Calculations {#sec4.5}
----------------

To better understand the interactions of sulfur-containing compounds dibenzothiophene (DBT) and dibenzothiophene sulfone (DBTO~2~) with *N*-butyl-pyridinium tetrafluoroborate ionic liquid (\[BPy\]\[BF~4~\]), a quantum chemical density functional theory (DFT) calculation was carried out. Our primary purpose in this work is to evaluate the experimental extraction efficiency results with calculated DFT interaction energies of the DBT/DBTO~2~ by \[BPy\]\[BF~4~\]. All the computational calculations were carried out with Gaussian 09*.*^[@ref34]^ The geometries of all the structures were fully optimized at the B3LYP/6-311++G(d,2p) level of theory in the gas phase, hexane, and CCl~4~ solvent systems using the polarized continuum model (PCM). The structures of *N*-butyl-pyridinium cation \[BPy\] interacting with the tetrafluoroborate anion \[BF~4~\] at different binding sites were first optimized, and the most stable structure of the \[BPy\]\[BF~4~\] was selected. The stable optimized structure of \[BPy\]\[BF~4~\] was further optimized with DBT and DBTO~2~ at different binding sites. The interaction energies between the ILs and DBT/DBTO~2~ are defined as follows:

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00096](https://pubs.acs.org/doi/10.1021/acsomega.0c00096?goto=supporting-info).NMR and FT-IR spectra of the synthesized \[BPy\]\[BF~4~\] and DFT calculation results ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00096/suppl_file/ao0c00096_si_001.pdf))
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